Abstract Pineal gland tumors are rare and account for less than 1% of all primary brain tumor diagnoses. They are more commonly seen in pediatric patients than in adults. We analyzed the available SEER data on pineal gland tumors that were diagnosed during the period 1973-2005. The cohort was subdivided into groups on the basis of tumor histology: germ cell tumors, pineal parenchymal tumors, gliomas, and other pineal tumors. Analyses of incidence, survival, factors influencing survival, and treatment modalities are provided. Among the 633 patients with pineal tumors, male sex was predominant, i.e., sex ratio was 3:1 for the whole group and 11.8:1 for those with germ cell tumors. The 5-year overall survival (OS) for the cohort was 65% ± 2.1%. Those with germ cell tumors experienced the best survival (OS = 78.9% ± 2.3%), followed by those with gliomas (OS = 61% ± 9.3%), and those with pineal parenchymal tumors (OS = 47.2% ± 4.2%). Non-germ cell tumors, absence of radiotherapy from treatment regimen, and diagnosis before 1993 were the only factors associated with a negative impact on survival. The extent of surgical tumor resection did not affect survival in any histologic subgroup. We conclude that, although pineal tumors are histologically diverse, they share some similarities due to their unique location. An aggressive surgical approach should be considered with caution in this region. Further studies on different pineal tumors subtypes are needed.
Introduction
Pineal tumors account for 0.5% of all central nervous system (CNS) tumors in adults, 1% in young adults (aged 20-34 years), and 2.7% in children (aged 1-12 years) [1] .
Because these cancers are so rare, it has always been difficult to collect a large number of cases to study and compare. Traditionally, descriptions of pineal tumors have been provided by institution-based data in which the number of tumors is limited or through a literature review.
Pineal tumors can be classified as germ cell tumors (GCTs), pineal parenchymal tumors (PPTs), gliomas, atypical rhabdoid/teratoid tumors (AT/RTs), or other tumors such as the most recently described entity, papillary tumors of the pineal region [2] . GCTs are the most common subtype of pineal gland tumor. In the literature, the incidence of GCTs varies from 50 to 75% of tumors in the pineal region [3] [4] [5] . These tumors arise from pluripotential germ cells, which normally do not inhabit the pineal gland. Theoretically, these germ cells mistakenly migrate to the pineal gland during embryogenesis. Following the most recent World Health Organization (WHO) [6] CNS tumor classification system, GCTs are further classified into germinomas, which is the most common subtype, and a group of nongerminomatous germ cell tumors (NGGCTs). GCTs can occur as pure tumors (i.e., comprising only one cell type) or as mixed tumors.
PPTs are the second most common form of pineal tumor. They represent 14-27% of tumors in the pineal gland [7] . In the WHO classification of CNS tumors, PPTs are further classified as pineocytoma and PPT of intermediate differentiation, including mixed pineocytoma-pineoblastoma tumors and pineoblastoma [8] . In the literature, the incidence of PPT subtypes varies greatly, i.e., the incidence of pineocytoma ranges from 14 to 60%; that of pineoblastoma is 45%, and that of PPT with intermediate differentiation is 10% [7, 8] . Other CNS tumors can arise from the supporting stroma of the pineal gland. These tumors include gliomas, fibrillary astrocytoma, anaplastic astrocytoma, glioblastoma, and pilocytic astrocytoma [7, 9] .
The Surveillance, Epidemiology and End Results (SEER) database provides population-based incidence and survival data for primary malignant tumors collected from 17 registries in the United States. It collects data on patient demographics, primary tumor site, tumor histology type and grade, stage at diagnosis, primary treatment regimen, and follow-up for vital status and patient survival data [10] . Data generated from this registry allow for a more generalized tumor description, which is especially useful in cases of rare tumor types such as pineal gland tumors.
The aim of this study was to provide a comprehensive review of pineal gland tumors by using the SEER database. The most common tumor subgroups, epidemiologic features of patients, treatment patterns, and overall survival are described. Discussion of the most common pineal gland tumors, GCTs and PPTs and gliomas, is also presented.
Patients and methods

Data source and study population
Data of studied patients was obtained from 17 SEER registries. These data include a total of 5,306,606 tumors diagnosed during a 32-year period (January 1973-December 2005). We used the SEER*Stat 6.4.4 program to generate a matrix of all individuals with a primary tumor in the pineal gland. All patients, regardless of diagnosis, were included in this series. Radiologic findings and tumor markers were considered sufficient, in most cases, to diagnose GCTs without the need for histologic confirmation. The following patients were excluded from the analysis: two patients whose follow-up consisted of death certificate/autopsy only, three patients whose diagnosis was noted as ''pinealoma,'' a term used nonspecifically for germinoma or PPT [11] [12] [13] [14] in the old CNS tumor classification systems, and five patients with a diagnosis of pineocytoma. Nineteen patients with a diagnosis of primitive neuroectodermal tumor (PNET) were included with the pineoblastoma group [15] .
Data analysis
Surgical details were not available for patients diagnosed before 1983 (n = 71) or for 10 patients diagnosed after this time point. Cases in which patients underwent total resection (surgical removal of the entire tumor primary site) or radical surgery (surgical removal of the primary tumor site with a resection in continuity with other organs) were labeled ''total excision.'' We used the classification of ''other surgeries'' for those cases in which patients underwent tumor destruction; a term used by SEER to describe tumors destroyed by surgery, laser, or cryotherapy with no tissue sent for pathologic confirmation, excisional biopsy, simple/ partial resection, debulking, or not otherwise determined.
Tumors were grouped into five main categories according to histologic type: AT/RTs, GCTs, gliomas, PPTs, and others, which include all other pineal tumor types. Tumor grades were assigned based on the fourth edition of the WHO classification for tumors of the CNS [6, 8] . For those cases in which we were not certain of the tumor's true grade based on the available information, we used the grades provided in the database, as captured by the registries from the original pathology reports.
MedCalc for Windows, version 9.6.4.0 (MedCalc Software, Mariakerke, Belgium) was used to perform statistical calculations. Survival estimates were calculated using the Kaplan-Meier method considering all-cause mortality as an endpoint. Log-rank tests were used to compare survival estimates. The Chi-square test was used to compare categorical variables, and the unpaired t test was used to compare continuous variables. A Cox multiple-hazards regression was used to conduct multivariate analysis with the following factors in the model: sex, age at diagnosis (B18 years or [18 years), surgery, radiation treatment, and year of diagnosis (before or after 1993). The year 1993 was selected as a cut-off point, because the second edition of the WHO system was published then, following the first edition published in 1979. The 1993 WHO system included a more refined classification of CNS tumors as a result of the introduction of immunohistochemistry methods into the practice of neuropathology and the introduction of new entities [16] .
Results
Patient characteristics
A total of 77,264 CNS tumors were registered with the SEER database between 1973 and 2005. Of those, 633 (0.8%) were pineal tumors. The cohort consisted of 477 (75%) males and 156 (25%) females (Table 1 ). The median age for the cohort was 17 years (range, 0-83 years); 56% of the patients were 18 years or younger at the time of diagnosis. There was no significant difference between the diagnosis and subtyping of the major tumor groups before and after 1993 (Fig. 1a) . However, the number of tumors categorized in the ''other'' group decreased after 1993, reflecting the better classification system after the introduction of immunostaining.
GCTs (n = 373) and PPTs (n = 187) were the two most common pineal tumor subtypes, and when grouped together, they accounted for 89% of all the pineal tumors (Fig. 1b) . Histologic confirmation was available for the majority of patients 561/633 (89%). Of the 72 patients diagnosed without histologic confirmation, 46 (64%) were those with GCT. The majority (86%) of the tumors were assigned to grade IV, including GCTs diagnosed without microscopic confirmation.
Only two modalities of treatment were documented in the registry, namely surgery and radiotherapy. Surgical data were available for 552 patients: 224 patients (41.0%) had no surgery; 32 (6.0%) underwent total excision; and 296 (54.0%) had other surgeries. Most patients (75%) received radiotherapy, which was used most frequently to treat GCTs (82%).
The median follow-up period for the cohort was 3.5 years (range 0-31.9 years). The probability of 5-year overall survival for the cohort was 65.1% ± 2.1 (Fig. 1c) , and the median survival time was 19.3 years.
Factors that influenced overall survival Female sex, age older than 18 years, non-GCT histologic subtype, diagnosis before 1993, and no treatment with radiotherapy were all significantly associated with worse survival (P \ 0.05) ( Table 2 ). On the other hand, the extent of tumor resection did not affect survival of the whole group. The 5-year overall survival (OS) rate for those who did not undergo surgery was 70.7%, and that for patients who did was 67.0% (P = 0.76). The same factors were tested in a multivariate model using a Cox proportional-hazards regression: non-GCT histology, diagnosis before 1993, and no treatment with radiotherapy were the only factors that had a significantly negative impact on survival (P \ 0.05; Table 2 ).
Germ cell tumors
During the study period, 373 pineal GCTs were registered with the SEER database. Patients with GCTs had the best survival of all patients in this study (OS = 78.9% ± 2.3%; Figs. 2 and 3a) . The GCT group included 285 (76%) pure germinomas, 6 (2%) embryonal carcinomas, 5 (1%) yolk sac tumors, 25 (7%) malignant teratomas, 2 (0.5%) choriocarcinomas, and 50 (13.5%) mixed GCTs (8 of which were teratocarcinoma).
There was a marked male predominance among patients with GCTs (male:female ratio, 11.8:1). The median age for the group was 16 years (range 1-77 years). History of radiotherapy was available on 363 patients. Radiation treatment was administered to 297 (82%) patients with GCTs, and their OS was significantly better than that of those who did not receive radiotherapy (P = 0.0032; Fig. 3b) . Of the 326 patients with GCT for whom surgical data were available, 151 (46%) received no surgical procedures. For those who did receive surgery, the extent of tumor excision did not affect survival (P = 0.62; Fig. 3c ).
Although the sex difference was obvious among patients with pure germinoma, i.e., the male-to-female ratio was 11.4 to 1; (262 males and 23 females); however, sex was not a factor in survival (P = 0.57).
Patients with germinomas were significantly older at the time of diagnosis (mean age 24.6 years ± 20.6 years) than were those with NGGCT (19.0 years ± 9.3 years; unpaired t test, P \ 0.0001). The youngest patients were those in the teratoma group, who had a mean age of 14.0 years (range 5-44 years) at diagnosis. The probability of 5-year OS rate was significantly better for patients with germinoma (83.3% ± 2.5%) than it was for those with NGGCT (50.8% ± 2.9%; P \ 0.0001; Fig. 3d ). More patients with germinoma received radiotherapy (P = 0.009), and a larger number of patients with NGGCT underwent surgical intervention (P \ 0.001).
There was no significant differences in the age at diagnosis when the NGGCT group was further subclassified into those with pure NGGCT (n = 38; median age 15 years) and those with mixed NGGCT (n = 50; median age 13 years). More importantly, the 5-year OS for patients with mixed NGGCT was significantly better (78.8% ± 6.7%) than that of patients with pure NGGCT (54.0% ± 7.5%, P = 0.016; Fig. 3d ).
Pineal parenchymal tumors
The second largest group of pineal gland tumors in the SEER was the PPTs. Although 19 of the 187 tumors categorized as PPTs in our analysis were labeled PNETs in the SEER registry, we included them here because these tumors are considered pineoblastoma [15] . The median age of patients at diagnosis of PPTs was 21 years (range 0-82 years), and no sex difference was found. Surgical data were available for 170 (91%) patients: 113 (67%) had other surgeries; 46 (27%) had no surgery; and only 11 (6%) underwent total excision; radiotherapy was delivered to 130 (71%) patients with PPTs.
Patients with PPTs showed significantly worse survival than did patients with other pineal tumor histology (P \ 0.0001). The 5-year OS for the PPT group was 47.2% ( Fig. 2 and Table 1) , and the median survival was 4.5 years. There was no significant difference in survival on the basis of age, sex, surgery (Fig. 4a) , radiation therapy (Fig. 4b) , or diagnosis era.
Gliomas
There were 32 cases of gliomas registered with SEER during the study period, constituting 5.0% of the patient cohort. The median age for the group was 38 years (range 3-75 years); 72% of the cases occurred in adults. Gliomas comprise a heterogeneous group of tumors, including noninfiltrative tumors (grade I) such as pilocytic astrocytoma and infiltrative, more malignant tumors such as fibrillary astrocytoma (grade II), anaplastic astrocytoma (grade III), and glioblastoma (grade IV). The probability of 5-year OS of patients with gliomas was 61% ± 9.3%; it was significantly better for patients with grade I or II tumors (n = 12, P = 0.020) and in children (n = 9, P = 0.019), four of which had grade I or II tumors. Survival was not affected by radiation treatment (n = 19, P = 0.070) or surgery (n = 12, P = 0.49).
Discussion
To our knowledge, this report is the largest analysis of pineal tumors ever conducted. GCTs were associated with better survival than other pineal tumor subtypes, indicating that histology, rather than grade, is an important factor in determining the outcome of the patient [17, 18] . Radiotherapy was also associated with better survival. PPTs showed a variety of histologic patterns, which is reflected by the degree of cellular differentiation, mitosis, and anaplasia [19] . The classification of PPTs has been inconsistent over the years, in particular the category of PPTs of intermediate differentiation, which represents 20%-50% of PPTs [2, 20] . In 2000, Jouvet et al. proposed a grading classification system for PPTs based on the architecture, mitotic figures, and immunostaining with neurofilament [21] . The use of this classification system was associated with significant differences in OS and event-free survival (EFS) though it was not fully adopted by the new 2007 CNS tumor classification system. Before 2007, the distinction between PPT subgroups was not easily or widely recognized by reporting pathologists or neuropathologists. In addition, the potentially aggressive behavior of pineoblastoma and the intermediate/mixed-group tumors and the tendency for craniospinal seeding [19] justified grouping these histologic In our data, PPT which included pineoblastoma, PNET, mixed tumors, and tumors of intermediate differentiation, was seen mainly in young adults; the median age of this group was 21 years. In addition, the majority (81%, 152/ 187) of PPTs were grade IV at diagnosis (Table 1) .
Surgical approach (i.e., total excision vs other surgeries) did not influence survival in the cohort. In further analysis based on histologic subtypes, the extent of surgery did not influence survival of patients with GCT, PPT, or gliomas (all P values C 0.19). This is an important finding that may justify a safer, less aggressive surgical approach for pathologic confirmation only and avoidance of aggressive unnecessary craniotomies.
This study has clear limitations that should be taken in consideration. Information about some aspects of chemotherapy is lacking, and radiation therapy dose and treatment fields are not mentioned. In addition, no central pathology review was done, so the diagnosis of the referring institution was used as submitted, a factor that has proven to be of importance in the practice of neuropathology [22] . Although other studies have included larger datasets than ours, those studies were either dedicated to CGTs only [23, 24] or were interested in surgical description only [25, 26] . Thus, this paper is unique in that it presents analyses of survival and the impact of radiotherapy, histology, and the extent of surgical resection on survival. In addition, our study sheds light on the survival of patients with rare tumors such as pineal gliomas and pure pineal germinomas in female patients.
In conclusion, the differential diagnosis of pineal gland tumors includes different entities with different clinical features and prognosis. Although the two most common tumor subtypes, GCTs and PPTs, occurred predominantly in children, the third most common, gliomas, were more common in adults. The GCT group had the best outcome, which was further improved by radiotherapy use but not by total excision. Improved outcome in the most recent period (1993-2005) may reflect improvements in surgical techniques, accurate pathologic diagnosis, and delivery of radiotherapy, imaging studies, chemotherapy use, or a combination of these factors when delivered by specialized multidisciplinary teams. 
